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$%675$&7 
$HURHODVWLFLW\LVDQLPSRUWDQWLVVXHIRUPRGHUQODUJHVFDOH
RIIVKRUHZLQGWXUELQHVZLWKORQJVOHQGHUEODGHV7KHEHKDYLRXU
RIGHIRUPDEOHWXUELQHEODGHVLQIOXHQFHVWKHVWUXFWXUHVWUHVVDQG
WKXVWKHVXVWDLQDELOLW\RIEODGHVXQGHUODUJHXQVWHDG\ZLQGORDGV
,Q WKLV SDSHU ZH SUHVHQW D IXOO\ FRXSOHG &)'0XOWL%RG\
'\QDPLFVDQDO\VLVWRROWRH[DPLQHWKLVSUREOHP7KHIOXLGIORZ
DURXQGWKHWXUELQH LVVROYHGXVLQJDKLJKILGHOLW\&)'PHWKRG
ZKLOH WKH VWUXFWXUDO G\QDPLFV RI IOH[LEOH EODGHV LV SUHGLFWHG
XVLQJDQRSHQVRXUFHFRGH0%'\QLQZKLFKWKHIOH[LEOHEODGHV
DUHPRGHOOHGYLD D VHULHVRI EHDPHOHPHQWV)LUVWO\ D IOH[LEOH
FDQWLOHYHUEHDP LV VLPXODWHG WRYHULI\ WKHGHYHORSHG WRRO7KH
15(/  0: RIIVKRUH ZLQG WXUELQH LV WKHQ VWXGLHG ZLWK ERWK
ULJLGDQGIOH[LEOHEODGHVWRDQDO\VHWKHDHURHODVWLFLQIOXHQFHRQ
WKH ZLQG WXUELQH VWUXFWXUDO UHVSRQVH DQG DHURG\QDPLF
SHUIRUPDQFH &RPSDULVRQ LV DOVR PDGH DJDLQVW WKH SXEOLFO\
DYDLODEOHGDWD 
,1752'8&7,21 
,QWKHSDVWIHZ\HDUVRIIVKRUHZLQGWXUELQHVDUHEHFRPLQJ
ODUJHULQVL]HWRDFKLHYHEHWWHUSRZHUFDSDFLW\DQG WKXVUHGXFH
WKH HFRQRPLF FRVWV ,W LV UHSRUWHGE\:LQG(XURSH >@ WKDW WKH
DYHUDJH UDWHG SRZHU FDSDFLW\ LV  0: IRU ZLQG WXUELQHV
LQVWDOOHGGXULQJWKHILUVWKDOIRI)RUDW\SLFDORIIVKRUHZLQG
WXUELQHZLWKDFDSDFLW\RI0:WKHURWRUGLDPHWHULVPHWHUV
>@ IRU ZKLFK WKH DHURHODVWLFLW\ RI WKH VOHQGHU WXUELQH EODGH
FDQQRWEHLJQRUHGGXULQJWKHGHVLJQDQGRSHUDWLQJVWDJHV 
7KHVWXG\RQ WKHDHURG\QDPLFSHUIRUPDQFHDQGVWUXFWXUDO
UHVSRQVH RI ZLQG WXUELQHV ZLWK IOH[LEOH EODGHV KDV EHHQ GRQH
ZLWKGLIIHUHQWDQDO\VLVWRROVDWYDULRXVRUGHUVRIDFFXUDF\7KH
KLJKO\ HIILFLHQW DQG ZHOONQRZQ DQDO\VLV SDFNDJH )$67
GHYHORSHGDW15(/>@HPSOR\VWKH%ODGH(OHPHQW0RPHQWXP
PHWKRGWRFRSHZLWKWKHDHURG\QDPLFVRIEODGHVZKLOHWKHEODGH
DHURHODVWLFLW\LVPRGHOOHGZLWKDPRGDODQDO\VLVPHWKRGZKLFK
UHTXLUHVEODGHPRGHVKDSHVDV LQSXW0RUH VRSKLVWLFDWHG WRROV
LQYROYHWKHFRXSOLQJRI&RPSXWDWLRQDO)OXLG'\QDPLFV&)'
DQG&RPSXWDWLRQDO6WUXFWXUDO'\QDPLFV&6'FRGHVVXFKDV>
@ +RZHYHU WKHVH QXPHULFDO PRGHOOLQJ WRROV DUH RIWHQ TXLWH
FRPSXWDWLRQDOO\ WLPHFRQVXPLQJ7REDODQFH WKHDFFXUDF\DQG
FRPSXWDWLRQDOWLPH3LHUDQJHORDQG-D\DQDUD\DQDQ>@FRXSOHGD
&)'VROYHU78516ZLWKDQRSHQVRXUFHPXOWLERG\G\QDPLFV
0%' FRGH 0%'\Q7KH IOH[LELOLW\ RI EODGHV ZDV PRGHOOHG
ZLWK D VHULHVRI EHDPHOHPHQWV ZKLFK FDQEH MXVWLILHGE\ WKH
VOHQGHUFKDUDFWHULVWLFVRIWKHWXUELQHEODGHVVLPLODUDVLQ>@ 
7KH SUHVHQW VWXG\ DLPV WR GHYHORS D IXOO\ FRXSOHG IOXLG
VWUXFWXUHLQWHUDFWLRQ)6,DQDO\VLVWRROIRURIIVKRUHZLQGWXUELQH
DVVRFLDWHGZLWKSRWHQWLDOO\GHIRUPDEOHEODGHV7KLVLVDFKLHYHG
E\FRXSOLQJWKHRSHQVRXUFH&)'WRROER[2SHQ)2$0ZLWKWKH
DIRUHPHQWLRQHG 0%' FRGH 0%'\Q ,Q SDUWLFXODU WKH
DHURG\QDPLF ORDGLQJ HVWLPDWHG E\ &)' LQWHUDFWHG ZLWK
VWUXFWXUDO UHVSRQVHV REWDLQHG IURP 0%'\Q YLD D 7&3,3
SURWRFRO7RYHULI\WKHPHWKRGRORJ\ZHGHYHORSHGWKHSDVVLYH
PRWLRQRIDIOH[LEOHFDQWLOHYHUEHDPLQWKHZDNHRIDVTXDUHVROLG
ERG\LVILUVWO\VWXGLHG7KH15(/1DWLRQDO5HQHZDEOH(QHUJ\
/DERUDWRU\ &RORUDGR 86$  0: EDVHOLQH RIIVKRUH ZLQG
WXUELQH>@ZLWKERWKULJLGDQGIOH[LEOHEODGHVLVWKHQPRGHOOHG
&RPSDULVRQVEHWZHHQWKHSUHVHQWUHVXOWVZLWKRWKHUSXEOLFGDWD
DUH PDGH LQ WKH DVSHFWV RI WXUELQH VWUXFWXUDO UHVSRQVH DQG
DHURG\QDPLF SHUIRUPDQFH 7KLV ZRUN ZLOO VHUYH DV WKH
IRXQGDWLRQIRUWKHQHDUIXWXUHVWXG\RQDIORDWLQJRIIVKRUHZLQG
WXUELQHZLWKGHIRUPDEOHEODGHV 
180(5,&$/0(7+2'6 
,QWKHSUHVHQWVWXG\D IXOO\FRXSOHG)6,DQDO\VLVLQYROYHV
WKUHHGHGLFDWHG SDUWV LQWHUSOD\LQJ ZLWK HDFKRWKHU LQFOXGLQJ D
&)'VROYHUIRUIOXLGIORZDURXQGWKHWXUELQHDQ0%'VROYHUIRU
VWUXFWXUDOUHVSRQVHVDQGDPHVKPRWLRQVROYHUWRXSGDWHWKH&)'
PHVKDVZHOODVWRLQWHUIDFHZLWKWKHIORZDQGVWUXFWXUDOVROYHUV 
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)ORZ6ROYHU 
7KHIOXLGIORZDURXQGWKHWXUELQHLVVROYHGZLWKWKHWUDQVLHQW
&)'VROYHUSLPSOH'\0)RDPLQ2SHQ)2$0ZKLFKLVLGHDOIRU
LQFRPSUHVVLEOH DQG WXUEXOHQW IORZRI 1HZWRQLDQ IOXLGV ZLWK D
PRYLQJ PHVK 7KH IOXLG IORZ LV JRYHUQHG E\ WKH FRQWLQXLW\
HTXDWLRQDQG1DYLHU6WRNHVHTXDWLRQV 
 0  U    
  ( ) Tg effpt QU
w  ª ºª º       ¬ ¼ ¬ ¼w
U U U U U U    
ZKHUH U  DQG gU  UHSUHVHQWWKHYHORFLW\RIIORZILHOGDQGJULG
QRGHVUHVSHFWLYHO\ p  LVWKHSUHVVXUHRIIORZILHOG U  LVWKH
IOXLG GHQVLW\
eff tQ Q Q   GHQRWHV WKH HIIHFWLYH NLQHPDWLF
YLVFRVLW\RI IOXLG LQZKLFK Q  DQG tQ  DUH WKHNLQHPDWLFDQG
HGG\ YLVFRVLW\ UHVSHFWLYHO\ 7KH WZRHTXDWLRQ k  Z  VKHDU
VWUHVVWUDQVSRUW667WXUEXOHQFHPRGHO>@LVHPSOR\HGIRUWKH
WXUEXOHQFHPRGHOOLQJLQWKLVVWXG\DQGZDOOIXQFWLRQVDUHDGRSWHG
IRUQHDUZDOOWUHDWPHQW 
7KH3,03/(PHUJHG3,626,03/(DOJRULWKPLVDSSOLHG
WRGHDOZLWKWKHYHORFLW\SUHVVXUHFRXSOLQJLQDVHJUHJDWHGZD\
$VHFRQGRUGHU&UDQN1LFROVRQVFKHPHLVXVHGIRUWKHWHPSRUDO
GLVFUHWLVDWLRQDQGDVHFRQGRUGHUXSZLQGVFKHPHLVDSSOLHGIRU
WKHFRQYHFWLYHWHUPV7KHJUDGLHQWWHUPVDUHGLVFUHWLVHGZLWKD
FHOOOLPLWHG*DXVVOLQHDUVFKHPH 
6WUXFWXUDO6ROYHU 
7KHG\QDPLFUHVSRQVHRI WKHVWUXFWXUH LV VROYHGXVLQJ WKH
RSHQ VRXUFH JHQHUDOSXUSRVH 0%' FRGH 0%'\Q 7KH FRGH
DGRSWV D /DJUDQJH PXOWLSOLHU RU UHGXQGDQW FRRUGLQDWH VHW
IRUPXODWLRQ IRU D PXOWLERG\ V\VWHP FRQVLVWLQJ RI ULJLG DQG
IOH[LEOHERGLHVFRQQHFWHGE\NLQHPDWLFFRQVWUDLQWV>@)RUHDFK
ERG\ RI WKH FRQVWUDLQHG V\VWHP 1HZWRQ(XOHU HTXDWLRQV RI
PRWLRQDUHHVWDEOLVKHGLQGLIIHUHQWLDODOJHEUDLFIRUPDVDVHWRI
ILUVWRUGHU HTXDWLRQV WRJHWKHU ZLWK WKH FRQVWUDLQW HTXDWLRQ DV
IROORZV 
  Mx p    
  , , tI  Txp Ȝ f x x    
  , 0tI  x    
ZKHUH M  LVWKHLQHUWLDPDWUL[RIWKHERG\ x  UHSUHVHQWVWKH
YHFWRURIWKHJHQHUDOLVHGFRRUGLQDWHVLQFOXGLQJERWKWUDQVODWLRQDO
DQGURWDWLRQDOSDUDPHWHUVLQWKHJOREDOUHIHUHQFHIUDPHWKHGRW
RSHUDWRUDERYHDYDULDEOHGHQRWHV LWVGHULYDWLYH WR WLPH p  LV
WKHPRPHQWXPRIWKHERG\ I  LVDVHWRINLQHPDWLFFRQVWUDLQWV
DSSOLHGRQWKHERG\DQG ITx  LVWKH-DFRELDQRI I  ZLWKUHVSHFW
WRWKHJHQHUDOL]HGFRRUGLQDWHV x  f  LVWKHH[WHUQDOIRUFHDQG
PRPHQW H[HUWHG XSRQ WKH ERG\ ZKLFK PLJKW EH UHODWHG WR LWV
GLVSODFHPHQWDQGYHORFLW\DVZHOODVWLPH$QLPSOLFLWPXOWLVWHS
LQWHJUDWLRQVFKHPHLVDSSOLHGWRVROYHWKHHTXDWLRQV\VWHP 
,QRUGHUWRPRGHOIOH[LEOHERGLHVLQ0%'\QDILQLWHYROXPH
PXOWLERG\EHDPHOHPHQWLVLPSOHPHQWHG>@,QWKLVPHWKRGD
IOH[LEOHERG\FDQEHPRGHOOHGDVRQHRUPRUHEHDPHOHPHQWV
HDFKRIZKLFKLVGLYLGHGLQWRWKUHHEHDPHOHPHQWSRUWLRQVE\WZR
HYDOXDWLRQ SRLQWV LQGLFDWHG DV VTXDUHV LQ )LJXUH  7KH WKUHH
EHDPHOHPHQWSRUWLRQVDUHDVVRFLDWHGZLWKWKUHHUHIHUHQFHSRLQWV
FLUFOHV ZKLFK UHSUHVHQWV WKH HODVWLF D[LV RI WKHEHDP7KRVH
UHIHUHQFHSRLQWVGRQRWQHFHVVDULO\QHHGWREHRQDVWUDLJKWOLQH
DQGFDQEHRIIVHWIURPWKHJHRPHWULFDOQRGHVWULDQJOHVZKHUH
HTXLOLEULXPHTXDWLRQVDUHHVWDEOLVKHGFRQVLGHULQJERWKH[WHUQDO
DQG LQWHUQDO IRUFHV DV ZHOO DV PRPHQWV ([WHUQDO IRUFHV DQG
PRPHQWVDUHLQWHJUDWHGRYHUHYHU\EHDPHOHPHQWSRUWLRQUHODWHG
WRDUHIHUHQFHSRLQWDQGODWHUWUDQVODWHGWRDFRUUHVSRQGLQJQRGH
0HDQZKLOH LQWHUQDO IRUFHV DQG PRPHQWV DUH HYDOXDWHG DW WKH
FURVVVHFWLRQVRIWKHHYDOXDWLRQSRLQWVDQGWKH\DUHUHODWHGWRWKH
JHRPHWULFDO VWUDLQV DQG FXUYDWXUHV YLD WKH FRQVWLWXWLYH ODZV
VSHFLILHGE\XVHUV$V\VWHPRIHTXLOLEULXPHTXDWLRQV LH(T
LVWKHQHVWDEOLVKHGDQGVROYHGIRUDOOJHRPHWULFDOQRGHV
UHSUHVHQWLQJ HLWKHU D ULJLG ERG\ RU D FRPSRQHQW RI D EHDP
HOHPHQW 
 
)LJXUH,OOXVWUDWLRQRIDILQLWHYROXPHWKUHHQRGHEHDPLQ
0%'\Q 
,Q WKH DSSOLFDWLRQ RI ZLQG WXUELQHV PRGHOOLQJ D WXUELQH
EODGH ZLWK EHDP HOHPHQWV FRXOG EH MXVWLILHG EHFDXVH RI WKH
VOHQGHU FKDUDFWHULVWLFV RI WKH EODGH $V FRPSDUHG WR
FRQYHQWLRQDOO\ XVHG )LQLWH (OHPHQW $QDO\VLV )($ WRROV
DGRSWLQJ D 0%' EHDP PRGHO IRU IOH[LEOH EODGHV FDQ GLUHFWO\
KDQGOHWKHDUELWUDU\PRWLRQRIDQDHURHODVWLFV\VWHPHJULJLG
ERG\PRWLRQ>@*LYHQDQRIIVKRUHIORDWLQJZLQGWXUELQHFDVH
WKH DERYH IXQFWLRQDOLW\ FRXOG FRSH ZLWK WKH URWDWLRQ RI WKH
WXUELQHDVZHOODVWKHVXUJHKHDYHDQGSLWFKPRWLRQRIDIORDWLQJ
SODWIRUP H[FLWHG E\ ZDYH DQG ZLQG )XUWKHUPRUH 0%'
VLPXODWLRQVFDQEHPXFKIDVWHUWKDQWKRVHXVLQJ)($WKDQNVWR
WKHPXFKIHZHUHTXDWLRQVWREHVROYHGLQWKHIRUPHUDSSURDFK 
0HVK0RWLRQ6ROYHU 
2QH RI WKH FKDOOHQJHV IRU D IXOO\ FRXSOHG QXPHULFDO
VLPXODWLRQRQ DQ RIIVKRUH ZLQG WXUELQH ZLWK IOH[LEOHEODGHV LV
KRZWRKDQGOHWKHFRPSXWDWLRQDOPHVKPRWLRQWRUHSUHVHQWWKH
FRPSOH[ ERG\ PRYHPHQW LQYROYHG ,Q DGGLWLRQ WR WKH WXUELQH
URWDWLRQ DURXQG LWV KXE WKH IOH[LEOH EODGHV DUH DOVR VXEMHFW WR
GHIRUPDWLRQLQERWKIODSZLVHDQGHGJHZLVHGLUHFWLRQVGXHWRWKH
H[HUWHGXQVWHDG\ZLQGORDGLQJ7KHUHDUHVRPHFRPPRQO\XVHG
PRYLQJPHVKWHFKQLTXHVVXFKDVWKHVOLGLQJPHVKDQGRYHUVHW
PHVK IRU JOREDO ZLQG WXUELQH URWDWLRQ ZLWK ULJLG EODGHV
+RZHYHU WKH\ DUH XQDEOH WR FRSH ZLWK WKH ORFDO EODGH
GHIRUPDWLRQ,W LV WKXVQHFHVVDU\WRGHYHORSLPSOHPHQWDPHVK
PRWLRQVROYHUWRXSGDWHFRPSXWDWLRQDOPHVKERWKJOREDOO\DQG
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ORFDOO\ 7KLV LV DFKLHYHG E\ GHYHORSLQJ D FXVWRPLVHG PHVK
PRWLRQOLEUDU\LQ2SHQ)2$0ZKLFKLQFRUSRUDWHVWKHVROLGERG\
PRWLRQOLEUDU\LQWRWKHG\QDPLFPHVKGHIRUPDWLRQOLEUDU\7KH
VROLGERG\PRWLRQOLEUDU\FDQKDQGOHWKHJOREDOWXUELQHURWDWLRQ
ZLWKWKHKHOSRI$UELWUDU\0HVK,QWHUIDFH$0,DQ2SHQ)2$0
LPSOHPHQWDWLRQ RI WKH VOLGLQJ PHVK WHFKQLTXH ZKLOH WKH
G\QDPLFPHVKOLEUDU\WDNHVFDUHRIWKHORFDOEODGHGHIRUPDWLRQ 
,QRUGHUWRPDLQWDLQWKHTXDOLW\RIWKHFRPSXWDWLRQDOPHVK
WKH JOREDO URWDWLRQ LV ILUVWO\ VXEWUDFWHG IURP WKH SRLQW
GLVSODFHPHQWRIWKH)6,LQWHUIDFHLHWKHWXUELQHEODGHVXUIDFHV
7KH PHVK PRWLRQ VROYHU WKHQ WDNHV WKH WHPSRUDU\ SRLQW
GLVSODFHPHQW RI WKH VWUXFWXUH ERXQGDULHV DV WKH ERXQGDU\
FRQGLWLRQ RI WKH /DSODFH HTXDWLRQ DV VKRZQ LQ (T  DQG
VXEVHTXHQWO\ VROYHV WKH HTXDWLRQ IRU WKH GLVSODFHPHQW RI WKH
LQWHUQDOPHVKFHOOFHQWUHV>@2QO\WKHFHOOVLQVLGHWKHURWDWLQJ
]RQHDUHLQFOXGHGWRUHGXFHWKHFRPSXWDWLRQWLPHZKHQWKHPHVK
PRWLRQHTXDWLRQLVDVVHPEOHG'LVSODFHPHQWRIWKHLQWHUQDOPHVK
SRLQWVDUHWKHQLQWHUSRODWHGIURPFHOOFHQWUHGLVSODFHPHQW7KH
ORFDOO\GHIRUPHGSRLQWVDUHODVWO\URWDWHGDVDZKROHLQDPDQQHU
RI VROLG ERG\ PRWLRQ WR WDNH WKH JOREDO URWDWLRQ LQWR
FRQVLGHUDWLRQ 
   0gJ   x    
ZKHUH gx  LVWKHGLVSODFHPHQWRIWKHLQWHUQDOPHVKFHOOFHQWUHV
21 rJ   UHSUHVHQWV WKH GLIIXVLRQ FRHIILFLHQW DQG r  LV WKH
GLVWDQFHIURPPHVKFHOOFHQWUHVWRWKHVWUXFWXUHERXQGDULHV 
&RXSOLQJ6WUDWHJ\ 
7KH &)' VROYHU SLPSOH'\0)RDP DQG WKH 0%' FRGH
0%'\QDUHFRXSOHGYLDPRWLRQDQGIRUFHGDWDH[FKDQJHZLWKWKH
KHOSRID7&3,3LQWHUQHWSURWRFRO,QJHQHUDOWKHNLQHPDWLFVRI
WKH JHRPHWULF QRGHV UHSUHVHQWLQJ WKH ERGLHV VSHFLILFDOO\ WKH
SRVLWLRQDQGRULHQWDWLRQLQWKHJOREDOUHIHUHQFHIUDPHFDOFXODWHG
LQ0%'\QDUH WUDQVIHUUHG WR WKH&)'VROYHU0HDQZKLOH WKH
H[WHUQDO DHURG\QDPLF IRUFH DQG PRPHQW DUH LQWHJUDWHG LQ WKH
&)'VROYHURYHUHDFKERG\VXUIDFHDQGVXEVHTXHQWO\WUDQVIHUUHG
WR0%'\Q6LQFHDFRPSOHWHVHWRIGDWDH[FKDQJHLQWHUIDFHVLV
DYDLODEOH LQ 0%'\Q RQO\ DQ LQWHUIDFH FODVV QHHGV WR EH
LPSOHPHQWHGLQ2SHQ)2$07KLVFDQEHDFKLHYHGE\ZUDSSLQJ
WKH FRUUHVSRQGLQJ IXQFWLRQV WR UHFHLYH PRWLRQ IURP DQG VHQG
IRUFH WR0%'\Q7KH LQWHUIDFHFODVV LV WKHQXVHG LQ WKHPHVK
PRWLRQOLEUDU\$SDUWIURPXSGDWLQJWKHFRPSXWDWLRQDOPHVKWKH
PHVKPRWLRQOLEUDU\DOVRVHUYHVDVWKHEULGJHFRQQHFWLQJWKHIORZ
DQGVWUXFWXUDOVROYHUV 
7KH FRPPXQLFDWLRQ EHWZHHQ 2SHQ)2$0 DQG 0%'\Q LV
SHUIRUPHG DW WKH LWHUDWLRQ OHYHO VR WKDW D VWURQJ FRXSOLQJ LV
DFKLHYHGZLWKUREXVWDQGTXLFNFRQYHUJHQFH:LWKLQHDFKWLPH
VWHSGDWDLVH[FKDQJHGEHWZHHQ2SHQ)2$0DQG0%'\QIRUD
FRXSOH RI WLPHV XQWLO WKH IORZ ILHOG HYHQWXDOO\ FRQYHUJHV
0%'\Q WKHQ FRQWLQXHV LWV LWHUDWLRQ ZLWK WKH H[WHUQDO ORDGLQJ
UHFHLYHG IURP ODVW GDWD WUDQVIHU XQWLO VWUXFWXUDO UHVSRQVH
DSSURDFKHVDFRQYHUJHGVWDWXV 
$VLW LVPHQWLRQHGHDUOLHUDIOH[LEOHZLQGWXUELQHEODGH LV
UHSUHVHQWHG DV D VHULHV RI EHDP HOHPHQWV LQ WKH 0%' PRGHO
ZKLOHVXFKDEODGHFRQVLVWVRIDVXUIDFHPHVKLQWKH&)'VROYHU
,WLVWKHUHIRUHQHFHVVDU\WRHVWDEOLVKDQLQWHUSRODWLRQRUPDSSLQJ
PHWKRGWRWUDQVIRUPWKH&)'VXUIDFHPHVKZLWKWKHLQIRUPDWLRQ
IURPWKHILQLWHQXPEHURIEODGHVQRGHVLQWKH0%'PRGHO7R
DFKLHYH WKLV JRDO D OLQHDU LQWHUSRODWLRQ VFKHPH LV FXUUHQWO\
LPSOHPHQWHGLQWKHVSDQZLVHGLUHFWLRQRIEODGHVZKLOHWKHEODGH
FURVVVHFWLRQVDUHDOZD\VNHSWIODW>@ 
9$/,'$7,21 
7R YDOLGDWH WKH GHYHORSHG WRRO IRU )6, DSSOLFDWLRQV D
EHQFKPDUN FDVH SUHYLRXVO\ VWXGLHG E\ PDQ\ UHVHDUFKHUV >
@LVLQYHVWLJDWHGZKHUHDIOH[LEOHFDQWLOHYHUEHDPLVDWWDFKHG
WRDULJLGVTXDUHF\OLQGHULQDFXUUHQWDVVKRZQLQ)LJXUH,WLV
QRWHG WKDW DW D VXIILFLHQWO\ ODUJH 5H\QROGV QXPEHU YRUWLFHV
DSSHDULQWKHZDNHRIF\OLQGHUDQGWKHXQVWHDG\IRUFHVH[HUWHG
RQWKHFDQWLOHYHUEHDPZRXOGUHVXOWLQWKHRVFLOODWLQJPRWLRQRI
WKHEHDP7KHERXQGDU\FRQGLWLRQVDUHVSHFLILHGDVIROORZV$
IL[HGYHORFLW\RIPVLVLPSRVHGDWWKHOHIWLQOHWERXQGDU\
DQG ]HUR SUHVVXUH LV DSSOLHG DW WKH ULJKW RXWOHW ERXQGDU\7KH
V\PPHWU\ERXQGDU\FRQGLWLRQLVDVVXPHGDWWKHWRSDQGERWWRP
ZKLOH DQ HPSW\ ERXQGDU\ FRQGLWLRQ ZKLFK LQ 2SHQ)2$0
LQGLFDWHV D ' VLPXODWLRQ LV HPSOR\HG IRU WKH IURQW DQGEDFN
SODQHV7KHSK\VLFDO SURSHUWLHVRI ERWK WKH IOXLG DQG VROLG DUH
OLVWHGLQ7DEOH 
 
)LJXUH$IOH[LEOHFDQWLOHYHUEHDPDWWDFKHGWRDIL[HGULJLG
VTXDUHLQFXUUHQW'LPHQVLRQVLQFP 
7DEOH3K\VLFDOSURSHUWLHVRIWKHIOH[LEOHFDQWLOHYHUEHDP 
Solid 
Density ߩ௦ ݇݃ ݉ଷΤ  100 
<RXQJ¶V0RGXOXV ܧ ܲܽ 2.5E5 
3RLVVRQ¶V5DWLR - 0.35 
Fluid 
Density ߩ௙ ݇݃ ݉ଷΤ  1.18 
Kinematic Viscosity ߥ௙ ݉ଶ ݏΤ  1.54E-5 
)LJXUHGHPRQVWUDWHVWKHFRPSXWDWLRQDOPHVKZLWKDWRWDO
QXPEHURIVWUXFWXUHGFHOOVIRUWKH&)'VROYHUDQGPHVK
UHILQHPHQW LV GHOLEHUDWHO\ DSSOLHGQHDU WKH VROLGERXQGDULHV WR
EHWWHUFDSWXUHWKHUDSLGYDULDQFHRIWKHIORZILHOG2QO\RQHOD\HU
RIJULGFHOOVLVGHSOR\HGLQWKH]GLUHFWLRQWRFRQVWUDLQWKHIOXLG
IORZLQ'[R\SODQH 
,Q WKH 0%' PRGHO WKH IOH[LEOH FDQWLOHYHU EHDP LV
UHSUHVHQWHGE\ IRXUEHDPHOHPHQWVDVVKRZQLQ)LJXUH7ZR
DGMDFHQWEHDPHOHPHQWV VKDUHD VDPHJHRPHWULFDOQRGH6LQFH
  &RS\ULJKWE\$60( 
HDFKEHDPHOHPHQWFRQVLVWVRIWKUHHJHRPHWULFDOQRGHVWKHWRWDO
QXPEHURIQRGHVLVQLQH$OOQRGHVDUHHYHQO\GLVWULEXWHGZLWKD
GLVWDQFHRIFP 
 
)LJXUH&)'PHVKRIDIOH[LEOHFDQWLOHYHUEHDPXVHGLQ
2SHQ)2$0 
 
)LJXUH0%'PRGHORIIOH[LEOHFDQWLOHYHUEHDP 
7KHGLVSODFHPHQWLQWKH\GLUHFWLRQRIWKHEHDPWLSLHWKH
IUHHHQGRIWKHFDQWLOHYHUEHDPZLWKUHVSHFWWRWLPHLVSORWWHGLQ
)LJXUH  7KH RVFLOODWLRQ RI WKH EHDP LQGXFHG E\ WKH YRUWH[
VKHGGLQJ IURP WKH IURQW F\OLQGHU JUDGXDOO\ GHYHORSV LQWR D
KDUPRQLF PRGH ZLWK D FRQVWDQW DPSOLWXGH DQG IUHTXHQF\ RI
P DQG  +] UHVSHFWLYHO\ 7KLV LV FRPSDUDEOH WR RWKHU
DYDLODEOHGDWDDVVXPPDULVHGLQ7DEOHLQGLFDWLQJWKDWWKHIXOO\
FRXSOHG)6,WRROGHYHORSHGLVDFFXUDWHHQRXJK 
 
)LJXUH7LSGLVSODFHPHQWRIIOH[LEOHFDQWLOHYHUEHDPLQ\
GLUHFWLRQ 
 
7DEOH&RPSDULVRQRISUHVHQWUHVXOWVZLWKWKRVHIURP
RWKHUV¶ZRUNIRUDIOH[LEOHFDQWLOHYHUEHDP 
 Tip Displacement 
Amplitude (cm) 
Oscillation 
Frequency (Hz) 
Present 1.03 3.18 
Habchi, et al. [12] 1.02 3.25 
Wood, et al. [13] 1.15 2.94 
Mathieu, et al. [14] 0.95 3.17 
Matthies and 
Steindorf [15] 1.18 3.13 
)LJXUHVKRZVWKHVKDSHRIWKHFDQWLOHYHUEHDPDWGLIIHUHQW
WLPHLQVWDQWVUHSUHVHQWHGE\DVHULHVRIGDVKHGFXUYHVRYHURQH
RVFLOODWLRQSHULRG7KH WUDMHFWRU\RI HYHU\ JHRPHWULFDO QRGH LV
DOVRLOOXVWUDWHGE\DVROLGFXUYHLQDGLVWLQFWLYHFRORXU 
 
)LJXUH6KDSHRIIOH[LEOHFDQWLOHYHUEHDPRYHURQH
RVFLOODWLRQSHULRG 
6QDSVKRWVRI WKH IOXLG ILHOGDUHDOVR VKRZQ LQ )LJXUHDW
WKUHH VXEVHTXHQW WLPH LQVWDQWV WR GHPRQVWUDWH WKH LQWHUDFWLRQ
EHWZHHQWKHIOXLGILHOGDQGWKHIOH[LEOHFDQWLOHYHUEHDP7KH]
FRPSRQHQWRIYRUWLFLW\YHFWRULVXVHGWRFRORXUWKHIOXLGILHOG,W
FDQEHFOHDUO\VHHQWKDWWKHGHIRUPDWLRQRIWKHFDQWLOHYHUEHDP
GLYHUWV WKH 9RQ .DUPDQ YRUWH[ VWUHHW LQGXFHG E\ WKH IURQW
F\OLQGHU7KHWLSRVFLOODWLRQRIWKHFDQWLOHYHUEHDPDOVROHDGVWR
WKHJHQHUDWLRQRIWLSYRUWLFHVWUDYHOOLQJDZD\IURPEHDP 
 
a) Time = T0 
  &RS\ULJKWE\$60( 
 
b) Time = T0 + T/4 
 
c) Time = T0 + T/2 
)LJXUH6QDSVKRWVRIIORZILHOGFRORXUHGE\WKH]
FRPSRQHQWRIYRUWLFLW\YHFWRUIRUDIOH[LEOHFDQWLOHYHUEHDP 
02'(/'(6&5,37,21 
7KH15(/0:EDVHOLQHRIIVKRUHZLQGWXUELQH>@LVWKHQ
XVHGIRUDOO VXEVHTXHQW VLPXODWLRQV ,W LVDFRQYHQWLRQDO WKUHH
EODGHXSZLQGZLQGWXUELQHZLWKDURWRUGLDPHWHURIPHWHUV
DVVKRZQLQ)LJXUHZKLFKLVGHVLJQHGIRURIIVKRUHDSSOLFDWLRQV
DQGKDVEHHQZLGHO\XVHGDVDEDVHOLQHPRGHOE\UHVHDUFKHUVLQ
WKHRIIVKRUHZLQGHQHUJ\ILHOG'HWDLOHG LQIRUPDWLRQDERXW WKH
JHRPHWU\DQGVWUXFWXUDOSURSHUWLHVFDQEHIRXQGLQDUHSRUW >@
SXEOLVKHGE\15(/ 
&)'0RGHO 
)LJXUH  LOOXVWUDWHV WKH GLPHQVLRQV RI WKH FRPSXWDWLRQDO
GRPDLQDQGWKHERXQGDU\FRQGLWLRQVDSSOLHGLQRXU&)'PRGHO
7KHGRPDLQLVPHWHUVORQJPHWHUVZLGHDQGPHWHUV
KLJK$IL[HGZLQGVSHHGLQWKH[GLUHFWLRQLVLPSRVHGDWWKH,QOHW
ERXQGDU\ DQG ]HURSUHVVXUH LV DSSOLHG DW WKH 2XWOHW ERXQGDU\
7KH1HXPDQQERXQGDU\FRQGLWLRQLVDVVXPHGIRUERWKYHORFLW\
DQGSUHVVXUHDW WKH)DUILHOGERXQGDULHVZKLOHD ZDOOERXQGDU\
FRQGLWLRQ LV HPSOR\HG IRU WKH ERWWRP SODQH $ PRYLQJ ZDOO
ERXQGDU\FRQGLWLRQLVDSSOLHGWRWKHWXUELQHEODGHV 
$JUH\UHJLRQLVKLJKOLJKWHGLQ)LJXUHDVWKHURWDWLRQFHOO
]RQH7KHFHOO]RQHURWDWHVZLWKWKHWXUELQHLQDFFRUGDQFHZLWK
WKHVSHFLILHGURWDWLRQVSHHGWKXVRQO\FRQWDLQVWKHURWDU\SDUWVRI
WKH WXUELQH LQFOXGLQJ WKH WXUELQHEODGHVDQG WKHKXEZKLOH WKH
QDFHOOHDQG WKH WRZHUDUHSODFHG LQVLGH WKHRXWVLGHJULGZKLFK
UHPDLQV VWDWLF GXULQJ WKH VLPXODWLRQ 7KH URWDWLRQ UHJLRQ
FRQQHFWVZLWK WKHVWDWLF UHJLRQ WKURXJKDSDLURI$0,SDWFKHV
)RUIOH[LEOHWXUELQHEODGHVLPXODWLRQVG\QDPLFPHVKPRWLRQGXH
WREODGHGHIRUPDWLRQDOVRRFFXUVZLWKLQWKHURWDWLRQFHOO]RQH 
 
)LJXUH*HRPHWU\RIWKH15(/0:RIIVKRUHZLQGWXUELQH 
 
)LJXUH'LPHQVLRQVDQGERXQGDU\FRQGLWLRQVIRU15(/
0:RIIVKRUHZLQGWXUELQHVLPXODWLRQV 
)LJXUHVKRZVWKHVXUIDFHPHVKJHQHUDWHGZLWKWKHEXLOW
LQXWLOLW\VQDSS\+H[0HVKLQ2SHQ)2$0IRUWKH15(/0:
ZLQG WXUELQH JHRPHWU\ 0HVK UHILQHPHQW LV DSSOLHG QHDU WKH
OHDGLQJDQGWUDLOLQJHGJHVRIWKHEODGHVDVZHOODVWKHEODGHWLS
UHJLRQWREHWWHUFDSWXUHWKHIOXLGIORZ(LJKWOD\HUVRIERXQGDU\
OD\HUFHOOVDUHH[WUXGHGIURPWKHWXUELQHVXUIDFHZLWKDJURZWK
UDWLRRIDQGWKHILUVWFHOOKHLJKWDZD\IURPWKHWXUELQHVXUIDFH
LVP 
:LQG 
  &RS\ULJKWE\$60( 
 
)LJXUH6XUIDFHPHVKRIWKH15(/0:ZLQGWXUELQH 
6WUXFWXUDO0RGHO 
7KH VWUXFWXUDO PRGHO IRU WKH 15(/  0: RIIVKRUH ZLQG
WXUELQHLVLOOXVWUDWHGLQ)LJXUH7ZHOYHQRGHEHDPHOHPHQWV
LH  JHRPHWULFDO QRGHV DUH XVHG WR UHSUHVHQW RQH EODGH LQ
0%'\Q7KHVHQRGHVDUHXQHYHQO\GLVWULEXWHGDORQJWKHEODGH
6SHFLILFDOO\PRUHQRGHVDUHDVVLJQHGWRWKHEODGHURRWDQGWLS
7KHWXUELQHKXELVUHJDUGHGDVDULJLGERG\WKXVLVUHSUHVHQWHG
E\RQO\RQHQRGH7KHQDFHOOHDQGWRZHUDUHDVVXPHGWREHULJLG
DQGIL[HGWKXVQRWFRQVLGHUHGLQWKH0%'PRGHO)RUDWKUHH
EODGHWXUELQHWKHWRWDOQXPEHURIJHRPHWULFDOQRGHVLV7KH
KXEQRGHLV IRUFHGWRURWDWHZLWKWKHVSHFLILHGWXUELQHURWDWLRQ
VSHHGXVLQJDQD[LDOURWDWLRQMRLQW7KHQRGHDWWKHEODGHURRWDQG
WKH KXE QRGH DUH FRQQHFWHG ZLWK D FODPS FRQVWUDLQW LH QR
UHODWLYH SRVLWLRQ DQG RULHQWDWLRQ DUH DOORZHG$V D UHVXOW WKH
EODGHDOVRURWDWHVDORQJZLWKWKHKXE 
 
)LJXUH6WUXFWXUDOPRGHORIWKH15(/0:ZLQGWXUELQH 
6LPXODWLRQ&DVHV 
7ZRORDGFDVHVDUHVHOHFWHGIURPWKHVLPXODWLRQPDWUL[RI
WKH 2IIVKRUH &RGH &RPSDULVRQ &ROODERUDWLRQ 2& SURMHFW
3KDVH , >@ DQG VXPPDULVHG LQ7DEOH 7KHZLQG VSHHG DQG
URWDWLRQDOURWRUVSHHGDUHVSHFLILHGDVWKHVDPHDVPVDQG
530IRUERWK&DVHVDDQGZKLOH&DVHDPRGHOVULJLG
EODGHVDQG&DVHLVDVVRFLDWHGZLWKIOH[LEOHEODGHV,WLVZRUWK
PHQWLRQLQJWKDWQRYDULDEOHURWRUVSHHGFRQWUROOHUFRQVLGHUHGLQ
2&LVPRGHOOHGIRUWKH&DVHLQWKLVVWXG\ 
7DEOH6SHFLILFDWLRQVIRUVLPXODWLRQFDVHV 
Case DOFs Wind Condition 
2.1a Rigid blades: constant 
rotor speed, 9 RPM 
Uniform, 8 m/s 
3.1 Flexible blades: constant 
rotor speed, 9 RPM 
5(68/76$1'',6&866,21 
,Q WKLV SDUW RXU VLPXODWLRQ UHVXOWV ZLOO EH SUHVHQWHG DQG
FRPSDUHGZLWKDYDLODEOHGDWDIURP%(0EDVHG15(/)$67Y
LQWKH2&SURMHFW>@DQGWKH&)'EDVHG&)'6KLS,RZD>@
,Q SDUWLFXODU WKH EODGH GHIRUPDWLRQ DQG DHURG\QDPLF
SHUIRUPDQFHRIWXUELQHZLOOEHIXOO\DQDO\VHG 
6WUXFWXUDO5HVSRQVH 
)LJXUHGLVSOD\VWKHEODGHGHIRUPDWLRQGXHWRWKHXQVWHDG\
DHURG\QDPLFORDGLQJGHILQHGDVWKHIODSZLVHGHIOHFWLRQEHWZHHQ
WKH ULJLG JUH\ DQG IOH[LEOH EOXH EODGHV DOVR FRPPRQO\
UHIHUUHG WR DV RXWRISODQH GHIOHFWLRQ LQ WKH UHIHUHQFH IUDPH
UHSUHVHQWHG E\ WKH URWRU SODQH DQG URWRU D[LV $ SRVLWLYH
GHIOHFWLRQSRLQWVWRZDUGVWKHGRZQZLQGGLUHFWLRQ,WVKRXOGEH
QRWHGWKDWWKHUHLVDVKDIWWLOWDQJOHRIEHWZHHQWKHURWRUD[LV
DQG WKH JOREDO [ GLUHFWLRQ EHFDXVH RI WRZHU FOHDUDQFH DQG D
SUHFRQHDQJOHRIDOVRH[LVWVEHWZHHQWKHEODGHDQGWKHURWRU
SODQH 
 
)LJXUH'HILQLWLRQRIEODGHIODSZLVHWLSGLUHFWLRQ 
)LJXUHVKRZVWKHSUHGLFWHG%ODGHWLSGHIOHFWLRQLQWKH
IODSZLVHGLUHFWLRQWRJHWKHUZLWKWKHUHVXOWVIURP&)'6KLS,RZD
DQG15(/)$67ZLWKLQWZRURWDWLRQDOSHULRGV6LPLODUWUHQGFDQ
EHREVHUYHGIRUDOOWKUHHFXUYHVDVLVVHHQIURP)LJXUH$WWKH
EHJLQQLQJRIRQHURWDWLRQZKHQ%ODGHLVDWWKHERWWRPRIWKH
URWRUSODQH WKH EODGH GHIOHFWLRQ LV PD[LPXP VXEVHTXHQWO\ D
VKDUSGURSRFFXUVGXHWRWKHLQWHUIHUHQFHRIWKHWRZHUFRPPRQO\
NQRZQDVWKHWRZHUVKDGRZHIIHFWVUHVXOWLQJLQDORFDOPLQLPXP
DIWHUDURXQGURWDWLRQ$IWHUDKDOIURWDWLRQWKHEODGHPRYHV
WRWKHWRSRIWKHURWRUSODQHDQGWKHGHIOHFWLRQGHFUHDVHVWRLWV
VHFRQGPLQLPXP)XUWKHULQYHVWLJDWLRQLVQHHGHGWRXQGHUVWDQG
WKHXQGHUO\LQJUHDVRQV$VWDWLVWLFDOFRPSDULVRQLVPDGHLQ7DEOH
  &RS\ULJKWE\$60( 
7KHSUHVHQWVLPXODWLRQSUHGLFWVDPHDQWLSGHIOHFWLRQRI
PZKLOH&)'6KLS,RZDDQG15(/)$67HVWLPDWHDELWODUJHU
DYHUDJHG YDOXHV RI  P DQG  P UHVSHFWLYHO\
&RQVLGHULQJWKHFRPSOH[LW\RIPRGHOOLQJDQDHURHODVWLFEODGH
WKHDJUHHPHQWDPRQJGLIIHUHQWUHVXOWVLVVWLOODFFHSWDEOH 
 
)LJXUH%ODGHIODSZLVHWLSGHIOHFWLRQIRU&DVH 
7DEOH&RPSDULVRQRI%ODGHIODSZLVHWLSGHIOHFWLRQIRU
&DVH 
Flapwise Tip 
Deflection (m) Present CFDShip-Iowa NREL FAST 
Mean 3.148 3.592 3.244 
Min 3.081 3.510 3.109 
Max 3.255 3.692 3.370 
ı 0.056 0.059 0.090 
$HURG\QDPLF3HUIRUPDQFH 
,Q RUGHU WR H[DPLQH WKH HIIHFWV RI EODGH HODVWLFLW\ RQ WKH
ZLQGWXUELQHDHURG\QDPLFSHUIRUPDQFHWKHWKUXVWDQGWRUTXHIRU
&DVHVDDQGDUHSORWWHG LQ )LJXUHDQGTXDQWLWDWLYHO\
VXPPDULVHG LQ 7DEOH  'XULQJ RQH UHYROXWLRQ WKUHH VKDUS
GHFUHDVHVDUHREVHUYHGLQERWKWKUXVWDQGWRUTXHGXHWRWKHWRZHU
VKDGRZHIIHFWVZKHQWKUHHEODGHVVXFFHVVLYHO\SDVVLQIURQWRI
WKHWRZHU7KHIOH[LEOHEODGHVH[KLELWVOLJKWO\ODUJHUWKUXVWWKDQ
ULJLGEODGHVZKLOHWKHSUHGLFWHGWRUTXHVDUHYHU\FORVHUHJDUGOHVV
RIWKHIOH[LELOLW\RIEODGHV7KLVLVLQDFFRUGDQFHZLWK&)'6KLS
,RZDVLPXODWLRQVEXWGLVVLPLODUWR15(/)$67,QDGGLWLRQWKH
VWDQGDUGGHYLDWLRQRIERWKWKUXVWDQGWRUTXHIURP15(/)$67
ıGHFUHDVHVVLJQLILFDQWO\DVVKRZQLQ7DEOH,WLVEHOLHYHGWKDW
WKHVH GHYLDWLRQV DUH FORVHO\ OLQNHG WR WKH YDULDEOH URWRU VSHHG
FRQWUROOHU DSSOLHG LQ 15(/ )$67 VLPXODWLRQV ZKLFK LV QRW
LQFOXGHG LQ WKH SUHVHQW DQG &)'6KLS,RZD PRGHOOLQJ ,W LV
WKRXJKW WKDW WKH FRQWUROOHU LV DEOH WR DGDSW WKH URWRU URWDWLRQ
VLPXOWDQHRXVO\ ZLWK WKH LQFRPLQJ ZLQG VSHHG LQ RUGHU WR
PDLQWDLQ D PD[LPDO WXUELQH SRZHU ZKLFK PD\ UHVXOW LQ PRUH
VWDEOHWKUXVWDQGWRUTXHDVFRPSDUHGWRWKRVHZLWKRXWFRQWUROOHU 
 
)LJXUH7XUELQHWKUXVWDQGWRUTXHIRU&DVHVDDQG 
7DEOH&RPSDULVRQRIWXUELQHWKUXVWDQGWRUTXH 
Cases 
Thrust (kN) Torque (kN*m) 
Mean ı Mean ı 
Present 
2.1a 393.8 2.36 2218.5 27.05 
3.1 400.6 2.12 2245.2 24.39 
CFDShip-
Iowa 
2.1a 388.9 2.71 1945.7 27.53 
3.1 402.6 2.30 1934.6 25.73 
NREL 
FAST 
2.1a 385.0 2.60 2096.4 27.37 
3.1 409.6 1.46 2031.6 5.87 
)LJXUHGLVSOD\V WKHSUHVVXUHGLVWULEXWLRQDW WKUHHUDGLDO
VHFWLRQV RI %ODGH  LH   DQG  RI EODGH UDGLXV
ZKHQ WKHEODGH LVDW WKH WRSRI WKHURWRUSODQH%RWKULJLGDQG
IOH[LEOH VLPXODWLRQV DUH SORWWHG IRU WKH FRPSDULVRQ 1R
VLJQLILFDQWGLIIHUHQFHVFDQEHREVHUYHG IRUD IOH[LEOHDQGULJLG
EODGH H[SODLQLQJ ZK\ WKH ZLQG WXUELQH WKUXVW DQG WRUTXH DUH
KDUGO\DIIHFWHGE\WKHGHIRUPDWLRQRIEODGHV 
 
 
)LJXUH3UHVVXUHFRHIILFLHQWFRPSDULVRQDWWKUHH
GLIIHUHQWUDGLDOVHFWLRQVRI%ODGHDWWRSRIURWRUSODQH 
  &RS\ULJKWE\$60( 
)LJXUH  LOOXVWUDWHV WKH YRUWH[ FRQWRXU RI WKH VHFRQG
LQYDULDQW RI WKH UDWH RI VWUDLQ WHQVRU 4 4    FRORXUHG E\
YHORFLW\ FRPSRQHQW 8[ &OHDUO\ VHHQ IURP WKH ILJXUH VWURQJ
YRUWLFHVDSSHDU LQ WKHYLFLQLW\RI WKHEODGH WLSVDQG URRWV7KH
SUHVHQFHRIWKHWRZHUDOVRUHVXOWVLQDFRPSOH[IORZZDNHEHKLQG
WKHWRZHU 
 
)LJXUH9RUWH[FRQWRXU4 FRORXUHGE\YHORFLW\
FRPSRQHQW8[ 
&21&/86,216 
,QWKLVSDSHUDIXOO\FRXSOHG&)'0%'DQDO\VLVWRROKDV
EHHQHVWDEOLVKHGIRUDVWXG\RIRIIVKRUHZLQGWXUELQHV$KLJK
ILGHOLW\&)'FRGH2SHQ)2$0LVDGRSWHGIRUVROYLQJWKHIOXLG
IORZZKLOHD0XOWL%RG\'\QDPLFVFRGH0%'\QLVDSSOLHGIRU
SUHGLFWLQJ WKH IOH[LEOH VWUXFWXUDO UHVSRQVH$FXVWRPLVHG PHVK
PRWLRQ VROYHU LV GHYHORSHG WR KDQGOH PRYLQJ PHVK LQYROYLQJ
ERWK JOREDO WXUELQH URWDWLRQ DQG ORFDOLVHG EODGH GHIRUPDWLRQ
7KLV VROYHU DOVR VHUYHV DV WKH EULGJH FRQQHFWLQJ WKH IORZ DQG
VWUXFWXUDOVROYHUV 
$EHQFKPDUNFDVHRIDIOH[LEOHFDQWLOHYHUEHDPVXEMHFWWR
WKH YRUWLFHV LQ WKH ZDNH RI D IL[HG VTXDUH F\OLQGHU LV ILUVWO\
LQYHVWLJDWHG WR YDOLGDWH WKH DQDO\VLV WRRO 7KH SUHGLFWHG
RVFLOODWLQJDPSOLWXGHDQGIUHTXHQF\RIWKHWLSGLVSODFHPHQWDUH
FRPSDUHGZLWKSUHYLRXVUHVXOWVDQGJRRGDJUHHPHQWLVDFKLHYHG 
7KH 15(/  0: EDVHOLQH RIIVKRUH ZLQG WXUELQH LV
VXEVHTXHQWO\PRGHOOHGZLWKERWKULJLGDQGIOH[LEOHEODGHVXVLQJ
WKH GHYHORSHG &)'0%' DQDO\VLV WRRO 0RGHOOLQJ UHVXOWV DUH
DQDO\VHGDQGFRPSDUHGZLWKSXEOLFO\DYDLODEOHGDWDIURP,RZD
&)' FRGH DQG %(0EDVHG 15(/ )$67 2XU SUHGLFWHG WLPH
PHDQ EODGH IODSZLVH WLS GHIOHFWLRQ RI  P LV LQ JRRG
DJUHHPHQWZLWKRWKHUV'XHWRWKHH[FOXVLRQRIDYDULDEOHURWRU
VSHHG FRQWUROOHU LQ WKH &)' PRGHOOLQJ WKH WXUELQH WKUXVW DQG
WRUTXHREWDLQHGE\ WZR&)'WRROV ,RZD&)'DQG WKHSUHVHQW
&)'DUHQRWPXFKDIIHFWHGE\WKHEODGHGHIRUPDWLRQZKLFKLV
MXVWLILHG E\ WKH DOPRVW LGHQWLFDO SUHVVXUH GLVWULEXWLRQ DW WKUHH
EODGHVSDQZLVHVHFWLRQVIRUERWKDULJLGDQGIOH[LEOHEODGH7KH
JRRGDJUHHPHQWDFKLHYHGEHWZHHQ WKHSUHVHQW UHVXOWVDQGGDWD
REWDLQHG XVLQJ ,RZD &)' DQG )$67 KDV GHPRQVWUDWHG DQG
YHULILHGWKHFDSDELOLW\RIRXUWRRO7KHSURSRVHGDSSURDFKZLOO
WKHQEHH[WHQGHGWRLQYHVWLJDWHIORDWLQJRIIVKRUHZLQGWXUELQHV
ZLWK GHIRUPDEOH EODGHV XQGHU PRUH FRPSOH[ HQYLURQPHQWDO
FRQGLWLRQVZKHUH)$67PLJKWEHLQVXIILFLHQW 
2XU QHDU IXWXUH VWXG\ ZLOO PRYH RQWR D IORDWLQJ RIIVKRUH
ZLQG WXUELQH ZLWK DHURHODVWLF EODGHV 7KH HIIHFW RI IORDWLQJ
SODWIRUPRQWKHZLQGWXUELQHSRZHUZLOOEHILUVWO\LQYHVWLJDWHG
ZLWK D SUHVFULEHG SODWIRUP PRWLRQ 'HYHORSPHQW RI D IXOO\
FRXSOHGDHURK\GURPRRULQJHODVWLF&)'WRROLVRXUXQGHUJRLQJ
WDVN:LWKWKLVWRROZHZLOOEHDEOHWRPRGHODIORDWLQJRIIVKRUH
ZLQG WXUELQH ZLWK IOH[LEOH EODGHV SOXV WKH UHOHYDQW PRRULQJ
V\VWHPVXQGHUFRPELQHGZLQGZDYHFRQGLWLRQV 
$&.12:/('*0(176 
5HVXOWVZHUHREWDLQHGXVLQJWKH(365&IXQGHG$5&+,(
:H6W +LJK 3HUIRUPDQFH &RPSXWHU ZZZDUFKLHZHVWDFXN
(365&JUDQW1R(3.7KLVZRUNLVDOVRVXSSRUWHGE\
(365& 5$3 SURMHFW IRU DFFHVVLQJ $5&+(5 8. 1DWLRQDO
6XSHUFRPSXWLQJ 6HUYLFH KWWSZZZDUFKHUDFXN 7KH ILUVW
DXWKRU ZRXOG OLNH WR DFNQRZOHGJH eOHFWULFLWp GH )UDQFH IRU
SURYLGLQJWKHVFKRODUVKLSIRUKLV3K'UHVHDUFK 
5()(5(1&(6 
>@:LQG(XURSH7KH(XURSHDQRIIVKRUHZLQGLQGXVWU\
.H\WUHQGVDQGVWDWLVWLFVVWKDOI 
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